is paper presents the results of an experimental study to investigate the influence of high temperatures on the bond properties between the recycled coarse aggregate (RCA) concrete and square steel tubes. A total of 27 pushout recycled aggregate concrete-(RAC-) filled square steel tube specimens are cast and heated under five different temperatures (20°C, 200°C, 400°C, 600°C, and 800°C) for testing. e main parameters considered in the test are temperature, exposure time of heating, RCA replacement ratio, interface length-to-width ratio, and concrete strength. e experimental results indicate that the bond strength for recycled coarse aggregate concrete and square steel tube increases with increasing temperatures.
Introduction
e recycling and reuse of waste concrete as recycled aggregates for new concrete is an important sustainable approach in the production of concrete. By using recycled aggregate concrete, it can solve a series of environmental problems including pollutant release, energy consumption, natural resources extraction, and greenhouse gas emissions. Now, most of the research work focus on mechanical properties of recycled coarse aggregate concrete, such as compressive strength, tensile strength, flexural strength, and elastic modulus [1] [2] [3] [4] [5] . Durability of recycled coarse aggregate concrete has also been studied by many researchers [6] [7] [8] . ese studies found that recycled coarse aggregate concrete has lower strength, lower elastic modulus, increased shrinkage, and increased creep. Moreover, the mechanical performance of the members cast with recycled coarse aggregate concrete has been studied [9] [10] [11] [12] [13] [14] . Liu et al. [15] provided a new damage model based on experimental load-displacement curves of recycled concrete-filled steel tube (RCFST) and concrete-filled steel tube (CFST). Chen et al. [16] investigated the bond behavior between the steel tube and the recycled aggregate concrete (RAC) and established the theoretical analytical model for interfacial bond shear transmission length. Chen et al. [17] studied the behavior of normal-strength recycled aggregate concretefilled steel tubes under combined loading.
Fire resistance behaviour and design of concrete structures are one of the key issues. A few studies have been made on the residual mechanical properties of recycled aggregate concrete after elevated temperatures or fire such as compressive strength and splitting tensile strength [18] [19] [20] [21] [22] . And limited studies on the mechanical performance of RCFST columns after exposure to high temperatures and in fire have been reported. Yang and Hou [23] studied the mechanical behavior of RCFST after exposure to elevated temperatures of 300°C, 600°C, and 800°C. It is concluded that the calculated residual strength and residual elastic modulus of RCFST specimens by using the simplified formula for firedamaged normal CFST are generally lower than the experimental results. Li et al. [24] investigated the compressive behaviour of RCFST columns after exposure to high temperatures and proposed degradation regression formulas of mechanical properties and deformation behaviors of RCFST columns after exposure to elevated temperatures. Some effort has been made to study the bond performance of CFST columns. For example, Chen et al. [17] investigated the influence of different values of height-todiameter ratio, diameter-to-thickness ratio, and concrete strengths on the bond-slip behaviour of concrete-filled stainless steel circular hollow section tubes. Tao et al. [25] studied the bond performance between the steel tube and the concrete in concrete-filled steel tubular columns after exposed to ISO 834 standard fire. Chen et al. [16] investigated the bond behavior between the steel tube and the recycled aggregate concrete (RAC) at room temperature, and the theoretical analytical model for interfacial bond shear transmission length was established.
is study aims at investigating some factors that might affect the bond strength in RAC-filled square steel tubes after high temperature such as temperature, exposure time of heating, RCA replacement ratio, interface length-to-width ratio, and concrete strength. e failure mode, bond stressslip curve, and bond strength are discussed in detail. Table 1 provides the design of the concrete mix and its slump, which was designed with varying the RCA replacement ratio (i.e., RCA replaced 0, 50, and 100% of coarse aggregate in the concrete by weight, respectively). And there were two types of concrete in this study, where the test strength designed were C30 and C40. e recycled aggregate concrete (RAC) mixes were made up of cement, a natural fine aggregate, a natural coarse aggregate, a recycled coarse aggregate, and water (W). Common Portland cement (C) type 32.5R for C30 and type 42.5R for C40 were used in this study. Used fine aggregates were river sand (S) with a fineness modulus of 2.7 and 0.6% moisture content. e coarse aggregates used in this study are both natural coarse aggregate (NCA) and recycled coarse aggregate (RCA). e NCA was crushed gravel, with size fraction 5-20 mm. e RCA was obtained from the waste concrete brought from the reclamation depot in Nanchang, PR China, which was in the range 5-20 mm. Figure 1 shows the grading curve of crushed stone and coarse glass aggregate. e physical properties of RCA are shown in Table 2 . e yield strength, ultimate tensile strength, and modulus of elasticity of square steel tubes (Q235) are 273 MPa, 375 MPa, and 201 GPa, which were used in these pushout tests.
Experimental Programme

Materials Properties.
Specimen Design.
A total of 27 square recycled aggregate concrete-filled steel tube (SRACFST) pushout specimens were prepared, among which three of them were unheated at ambient temperature (i.e., 20°C) and twenty-four were heated. e main variables investigated in the test were (a) temperature T (T � 20°C, 200°C, 400°C, 600°C, and 800°C), (b) exposure period t (t � 30 min, 60 min, and 120 min), (c) RCA replacement ratio r (r � 0%, 50%, and 100%), (d) concrete strength (C30 and C40), and (e) interface length-todiameter ratio (L e /B � 2.2 and 3.4, where L e is the length of the steel-concrete interface and B is the width of a square tube). Cold-formed steel tubes were used in the construction of all specimens. e steel tubes were cut into the required lengths. And then RAC was poured into each steel tube layer by layer and vibrated by a poker vibrator. Specifically, RCA replacement percentage refers to the quality percentage of RCA in all the coarse aggregates. Details of the SRACFST pushout specimens are presented in Table 3 . At the same time, three concrete cubes with a dimension of 150 mm × 150 mm × 150 mm were cast of each concrete mix. e compressive cube strength fcu at 28 days of recycled aggregate concrete (RAC) is shown in Table 1 .
Heat Treatment.
SRACFST specimens were heated by exposing them to heat in a high-capacity electrical furnace with a maximum heating temperature of 1200°C. e heating rate was 50°C/min. When the temperature was increased to reach the required temperature level of 200°C, 400°C, 600°C, and 800°C, respectively, it maintained at this level for the required period (30 min, 60 min, or 120 min).
e measured temperature was provided and showed by the electrical furnace. After heat treatment, the specimens were cooled at ambient temperature before testing. Also unheated SRACFST specimens were subjected to ambient temperature (i.e., 20°C) and tested for comparing with the heated specimens.
Testing.
e loading setup for the pushout test was a YAW-3000 microcomputer-controlled electrohydraulic servo tester, as shown in Figure 2 . e pushout SRACFST specimens were set up vertically with the air gap at the bottom of the testing machine. A layer of sand was spread on the top surface of the SRACFST specimens. A steel block, which had a slightly smaller cross section than that of the inside diameter of the steel tube, was placed on the top of the SRACFST specimens. is assured the load was applied only on the recycled aggregate concrete core and allowed the recycled aggregate concrete core to be pushed out during testing. All specimens were tested under a displacement control rate of 0.5°mm/min. e linear variable displacement transducer (LVDT) was used to measure the relative slip between the steel tube and the recycled aggregate concrete core. When the load showed little change with the increase in the slip, the test was terminated.
Results and Discussion
Test Observations and Results.
During the testing, there was no visible change in appearance for all specimens except for the slip occurred between the RCA concrete core and the square steel tube. At the beginning of the experiment, there was not any evident slip observed between the RCA concrete core and the square steel tube. As the load increased, there was a tiny slip appearance at the free end and the slip developed slowly. And then the slip developed more rapidly with the increase of the load. When the load was close to the 2
Advances in Materials Science and Engineering ultimate load, a sudden loud noise could be heard. After the ultimate load, the RCA concrete core was gradually pushed downward through the square steel tube. A visible gap around the entire perimeter was observed at the loading end, and there was no local bucking observed on the square steel tube when the pushout specimens failed. e typical bond failure is shown in Figure 3 . e experimental results of 27 pushout specimens, including peak bond stress τ u and unloaded end slip S u , are summarized in Table 3 . e following equation was used to calculate the value of the bond strength:
where τ u is the peak bond stress between the concrete and the steel tube which is also termed as the bond strength, P u is the peak load, and A is the contact area along the embedment length.
Bond Stress versus Slip
Curves. Figure 4 shows the typical bond stress (τ) versus slip (s) curves of the pushout specimens. All the curves experienced the following three stages: adhesion stage, microinterlocking stage, and friction stage. In the adhesion stage, there was no obvious observable slip, and the slope of the curve was linear. e stiffness shown by the bond stress-slip was high. e applied load was primarily resisted by the chemical adhesion between the recycled aggregate concrete and the square steel tube. And then, the slope of the curves decreased as the load increased. e slip began to grow. at was, the adhesion gradually decreased and the curves entered the microinterlocking stage. And the microinterlocking was caused by the surface roughness of the square steel tube and broke when the recycled aggregate concrete interface reached the compressive crushing strain of the recycled aggregate concrete. After peak load, the bond stress-slip curve was descending or almost horizontal and the slip increased. When the curves entered the friction stage, the chemical adhesion was completely destroyed. And as shown in the figure, the pushout specimens with high RCA replacement exhibited a longer chemical adhesion stage than those specimens with low RCA replacement at the same temperature.
is might be because increasing shrinkage of RAC reduced the contact area between the concrete core and the steel tube, thereby lengthening the chemical adhesion. e heated pushout specimens exhibited a longer chemical adhesion stage than those of the unheated specimens. e chemical adhesion stage of the bond stress versus slip curves increased with the increase in exposure time.
Bond Strength
Effect of Temperature on the Bond Strength.
e effect of temperature on the bond strength of the square steel tube pullout specimens is shown in Figure 5 . It is shown that the bond strength between the square steel tube and the recycled aggregate concrete increased with an increase in the Advances in Materials Science and Engineering temperature. It reached a value of 0.69 MPa, 0.79 MPa, and 0.89 MPa for S11, S15, and S19, respectively, after exposure to 200°C. After exposure to 400°C, 600°C, and 800°C, the increases in the bond strength of the square steel tube pushout specimens with 0% replacement percentage of RCA were approximately 86.4%, 145.3%, and 241.3% than that of the unheated square steel tube pushout specimens, respectively. For the square steel tube pushout specimens with 50% replacement percentage of RCA, the increases in bond strength were 83.5%, 146.7%, and 230.0%, respectively. For the square steel tube pushout specimens with 100% replacement percentage of RCA, the increases in bond strength were 93.3%, 149.6%, and 247.5%, respectively. Figure 6 shows the effect of exposure time on the bond strength between the square steel tube and the recycled aggregate concrete. It can be seen that the bond strength of the square steel tube pushout specimens rose with the increase in exposure time. For the square steel tube pushout specimens with 0% replacement percentage of RCA, the bond strength increased by 20.1% and 41.9% after an exposure time of 60 min and 120 min, respectively. For the square steel tube pushout specimens with 50% replacement percentage of RCA, the bond strength increased by 24.5% and 43.5% after an exposure time of 60 min and 120 min, respectively. For the square steel tube pushout specimens with 100% replacement percentage of RCA, the bond strength increased by 7.8% and 22.6% after an exposure time of 60 min and 120 min, respectively. ese may be attributed to the following reason: after exposure to the same high temperature, the decrease in the strength of the RAC was greater than that of the steel tube and it caused the increase in the constraining effect [24] .
Effect of Exposure Time on the Bond Strength.
Effect of RCA Replacement Ratio on the Bond Strength.
e effect of RCA replacement ratio on the bond strength between the square steel tube and the recycled aggregate concrete is shown in Figure 7 . It is shown that the bond strength of the pushout specimens with RCA is larger than those specimens with NCA at the same temperature. is reason may be attributed to the weaker fire resistance of recycled aggregate concrete compared to natural aggregate concrete, especially at elevated temperatures [24] .
Effect of Interface Length-to-Width Ratio on the Bond
Strength. The effect of interface length-to-width ratio on the bond strength between the square steel tube and the recycled aggregate concrete is shown in Figure 8 . It can be seen that the bond strength of the heated square steel tube pushout specimens with larger length-to-width ratio was much higher than that of the specimens with lower length-to-width ratio. In other 
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S9 S20 S19 S8 S17 S16 S15 S13 S7 S12 S14 S11 S10 S18 Advances in Materials Science and Engineering words, the bond strength increased with increasing interface length-to-width ratio. When increasing the interface length-towidth ratio from 1.6 to 3.4, it leaded to the increase in the bond strength from 1.15 MPa to 1.22 MPa for the square steel tube pushout specimens with 0% replacement percentage of RCA. And it increased by 5.5% and 3.6% bond strength for the square steel tube pushout specimens with 50% replacement percentage of RCA and that of the pushout specimens with 100% replacement percentage of RCA, respectively.
Effect of Concrete Strength on the Bond Strength.
e effect of concrete strength on the bond strength between the square steel tube and the recycled aggregate concrete is shown in Figure 9 . It can be seen that the bond strength between the square steel tube and the recycled aggregate concrete increased as the concrete strength increased. e bond strength of test specimens with an RCA replacement ratio of 0% was 1.22 MPa for the C30 specimen (S1) and 1.30 MPa for the C40 specimen (S4).
e bond strength of test specimens with an RCA replacement ratio of 50% was 1.35 MPa for the C30 specimen (S2) and 1.40 MPa for the C40 specimen (S5). e bond strength of test specimens with an RCA replacement ratio of 100% was 1.42 MPa for the C30 specimen (S3) and 1.52 MPa for the C40 specimen (S6). is may be because the adhesion resistance and mechanical interlock at the interface between the steel tube and the recycled aggregate concrete increased when the concrete strength increased. 
Findings and Conclusions
e utilization of the recycled aggregate concrete would be an ideal choice for sustainable construction. An experimental program of bond behavior between the recycled coarse aggregate concrete and the square steel tube is discussed in this paper. Based on the experimental results, the following conclusions can be drawn:
(i) e pushout test results of RAC-filled square steel tubes after high temperature showed that their bond failure mode was similar to normal concrete-filled square steel tubes (ii) e bond strength of heated RAC-filled square steel tubes was usually higher than that of RAC-filled square steel tubes at ambient temperature (iii) e shape of bond stress-slip curves for the pushout specimens was affected by temperature level to some extent (iv) e postheating bond strength of RAC-filled square steel tubes increased with the increasing exposure time of heating, RCA replacement ratio, interface length-to-width ratio, and concrete strength
Further research is needed to study on the model for bond stress-slippage according to more test results.
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